ABSTRACT: We studied winter climate influences on central European small herbivores by testing the prediction that direct physical effects of winter climate should be more pronounced in herbivores living above ground/snow than in subnivean/fossorial ones. Using correlation analysis and autoregressive modeling, we found that population growth rates of European hares, representing the former class of herbivores, are more efficiently predicted by the winter NAO index than those of common voles, representing the latter class of herbivores. We demonstrate that, whereas in hares the NAO index outperformed crop yield indices, used here as a proxy for plant production variability, it was crop yield indices that more effectively predicted population change in voles. These results suggest that the relative importance of direct and indirect effects of winter climate on herbivores may be related to their body size, the major determinant of above ground/snow or subnivean/fossorial mode of life. 
INTRODUCTION
Wintertime is a critical period in the annual cycle of many temperate and arctic herbivores. The ecological effects of winter climate variability are now well documented for many ungulates in northern Europe (Forchhammer et al. 1998 , Milner et al. 1999 , Post & Stenseth 1999 , Stenseth et al. 2002a ) and North America , Forchhammer et al. 2002 . The negative effect of winter for large herbivores usually increases with the depth of snow cover, imposing extreme energetic costs from thermoregulation, foraging and locomotion (Ottersen et al. 2001 , Hallett et al. 2004 ). However, much less is known about the mechanisms underlying these effects. In general, climate may affect herbivores either directly by variation in severity of winter conditions, or indirectly through a weather-driven variation in quantity and quality of plants. The first mechanism can lend higher predictive power to climatic indices, the second one to indices of plant productivity. Both causal routes have been suggested as being implicated in processes affecting the populations of large herbivores; yet, empirical evidence for indirect mechanisms remains also largely indirect (Mysterud et al. 2001) .
Herbivorous mammals vary tremendously in body size. Unlike large herbivores, the small ones, such as voles or hares, have drawn comparably less attention from researchers studying climatic effects in Europe and North America (Merritt et al. 2001 , Stenseth et al. 2002b ; but see Lima et al. 1999 Lima et al. , 2001 Lima et al. , 2002 for small rodents in South America). Consequently, it remains unclear how much the effects observed in large herbivores can be generalized to include species that are smaller in size. In fact, it is not obvious at present whether small herbivores, unlike large ones, would benefit from or be disadvantaged by e.g. snowy winters. Several positive effects of snow on the survival of small subnivean rodents have been described, such as the formation of subnivean space, representing a stable environment containing food resources and excluding many predators (Evernden & Fuller 1972 , Hansson & Henttonen 1985 , McCafferty et al. 2003 .
From this perspective, 2 size classes of herbivorous mammals can be deduced which might differ in their responses in terms of sensitivity to direct physical effects of winter climate: (1) large herbivores, living on a ground surface and experiencing winter conditions above snow cover, such as ungulates or hares, and (2) small fossorial/subnivean herbivores, surviving winter usually below snow or underground, such as voles. Whereas the former are directly exposed to any weather variation, the latter may escape unfavourable weather conditions by finding a shelter beneath the snow cover or in underground burrows. Most voles build their well-insulated nests in subnivean space, including many normally fossorial voles, or underground in winters with less snow. Direct measurements confirm that snow cover acts to insulate vole habitat from large changes in air temperature (McCafferty et al. 2003 ) and the well-insulated nests generally provide considerable thermal benefits, thereby reducing energy expenditure (Gebczynska & Gebczynski 1971 , Stebbins 1977 , Casey 1981 , Redman 1999 , McCafferty et al. 2003 and increasing rates of survival (Sealander 1952) . Recent detailed investigations in northern voles, however, indicate that the winters with specific mild weather may be detrimental to voles because of the formation of ice which reduces the amount of subnivean space and hence the accessibility of food resources (Aars & Ims 2002 , Korslund & Steen 2006 .
Here we analyse time-series data of abundance indices for European hares and common voles in central Europe to test for the prediction that direct effects of winter climate, as measured by the winter North Atlantic Oscillation (NAO) index, should be stronger in hares living on the snow cover or ground surface than in voles living either underground or in the subnivean environment. As the relationship between local weather and different phases of the winter NAO index has not yet been clearly established for the Czech Republic, we perform correlation analysis of NAO with temperature and precipitation over winter. To highlight the relative importance of direct and indirect effects of climate on the rate of population change in both species, we compare the predictive powers of both winter climate and plant productivity by fitting autoregressive log-linear models.
MATERIALS AND METHODS

Basic climatic facts on the Czech Republic
The Czech Republic is a landlocked country, lying in the central part of Europe in the middle of the temperate zone of the northern hemisphere. The climate of the Czech Republic is affected by the interaction of oceanic and continental effects. Western winds prevail and intensive cyclone type activities frequently change air masses and bring rather heavy precipitation. The maritime effect is mainly felt in Bohemia, situated in the west of the country. Continental climate effects have a bigger impact on Moravia and Silesia, situated in the east. Altitude and relief influence the climate to a large extent. About 67% of the country's whole territory can be found at an altitude below 500 m, 32% between 500 and 1000 m, and only 1% above 1000 m. The average altitude of the Czech Republic is 430 m. The coldest winter month is January with mean temperatures ranging from about -2°C in lowlands to -6°C in mountains. The length of a period with snow cover ranges from 40-50 d in lowlands to 5-6 mo in mountains. The number of days with the depth of snow cover >10 cm is small in most lowland areas, ranging from 5 to 45 d (Voženílek et al. 2006) . Both hare and vole populations are more numerous in lowlands.
Time-series data
The European hare Lepus europaeus is among the traditional game animals of the Czech Republic. As elsewhere in Europe, population numbers of hares have started to decline severely since the late 1970s, with numbers remaining low up to the present and with no indication of recovery (Fig. 1a) . We examined 11 time-series of bags (i.e. annual catch) from central and eastern Moravia: (1) 9 time-series for bags from lowland areas around Olomouc, each of 39 yr duration and covering the period 1964-2002, (2) 1 time-series of 35 yr duration for lowland areas around Prostějov, covering the period 1966-1999, and (3) 1 time-series from upland areas around Vsetin of 39 yr duration and covering the period 1964-2002.
The common vole Microtus arvalis is the most abundant vole species in central Europe. It preferentially inhabits open lowland grassy habitats in both farmland and natural areas. We analysed 71 time-series of vole abundance indices covering the whole territory of the Czech Republic between 1968 and 1988 (21 yr). Vole index was based on the mean number of reopened burrow entrances per district (an administrative region unit of about 1000 km 2 ), collected each autumn using a standardised procedure (EPPO 1975) . Data was collected from an alfalfa field as follows: five 10 × 10 m squares were chosen at random and all burrow entrances found were trampled out by foot. On the next day, the counts of re-opened burrow entrances were recorded and converted to the number ha -1 . These data were then categorized into 4 density categories, and published as maps for all districts of the Czech Republic by the State Phytosanitary Administration Institute. As the original data sets on which the maps are based are no longer available, we derived our index from these maps of vole densities (Fig. 1b) . We had 12 original time-series from the Czech Republic (Tkadlec & Stenseth 2001) providing information on frequency distribution of counts within each of the density categories. We used a geometric mean to estimate the expected value within each density category. We then replaced the ordinal categories by these means and computed the arithmetic mean for each district. We had 5-10 categorical observations for each district and year. By this procedure, we recovered about 75% of the variation in the original index, with the mean correlation coefficients measuring the similarity of original and reconstructed time-series being 0.95 (n = 12, min = 0.85, max = 0.99).
We used a station-based winter (Dec-Mar) NAO normalised index (www.cgd.ucar.edu/cas/jhurrell/index. html) as a proxy for climatic influences (Stenseth et al. 2003 , Hallett et al. 2004 , Stenseth & Mysterud 2005 . Local data on mean monthly temperature and precipitation for 7 meteorological stations were obtained from Statistical Yearbooks published annually by the Czech (formerly Czechoslovak) Statistical Office and then averaged (temperature) or summed (precipitation) over the same season as the NAO index. Stns Olomouc and Znojmo are located in lowlands of the eastern Czech Republic (called Moravia) covering the region from which data on hare population dynamics were obtained. As there are no long-term ecological estimates of annual plant production that are suitable for statistical analysis it is difficult to measure the temporal variation of plant productivity. Consequently, we used, as operational variables, annual yields for 7 main crops, including cereals, winter wheat, barley, forage crops (hay) on arable land (mainly alfalfa and clover), legumes (pea and bean), maize and rape, published regularly in Statistical Yearbooks.
Statistical analysis
We used 2 methodological approaches to investigate relationships between climatic, plant productivity and abundance indices. First, correlation analysis was used to examine the association between the 2 time-series data sets. This approach was applied to the following pairs of variables: (1) winter NAO index (NAO t ) with local temperature or rainfall, (2) winter NAO index with herbivore abundances, (3) winter NAO index with crop yield indices (P t ), and (4) crop indices with herbivore abundances. All time-series were differenced to make them stationary before we computed Pearson correlation coefficients. For statistical test of significance, we employed a randomization procedure (1000 replications) by holding 1 time-series constant while permuting the other series against it (Good 2005) . Because of random pairing, the expected value of the correlation for simulated data is 0. We considered the observed coefficient significantly different from zero if it fell outside the 95% confidence interval constructed for randomly resampled data and adjusted by the Bonferroni method with respect to the total number of correlated pairs in the group (7 for meteorological stations and 7 for crop yield indices). . The index was reconstructed from annual maps with 4 density categories of vole occurrence and calibrated using 12 original data sets. In a period 1968-1973, the lowest density category was defined to cover counts from 0 to 500 re-opened holes ha -1 (not as zero numbers as in remaining years). As a result, the density close to zero value could not be recovered within the first 6 yr, the attainable minimum being 172 holes (the geometric mean for the category 0-500 obtained from 12 original time-series data)
The second approach was autoregressive modeling, allowing us to analyse relationships in more than 2 data sets simultaneously. The climatic and plant productivity effects on herbivore abundance indices N were examined using the basic population model:
which assumes direct (first-order) and delayed density dependence (second-order negative feedbacks), as well as assuming a linear relationship between realized per capita population growth rates (r t = ln N t -ln N t -1 ) and logs of population indices X (the Gompertz function) (Fig. 2) . The model includes current (direct, t) and delayed (indirect, t -1) climatic and plant effects as external drivers. This population model leads readily to statistical autoregressive log-linear models of the general form (2) where the autoregressive process can be of the order 0, 1 or 2, and ε t represents normally distributed random variable with zero mean and constant variance (noise). The autoregressive coefficients for X are denoted as b, the regression coefficients for NAO as c, those for crop yield as d. We removed the linear trend from all variables. The best model structure (order of the autoregressive process + any combination of direct and indirect climate and plant effects) was found empirically by fitting all possible models to all time-series available for that species and picking up the model with the lowest ΣAICc m , where AICc is a corrected Akaike information criterion for small sample size (Hurvich & Tsai 1989 ) obtained as AIC + 2K(K + 1) ͞ (n -K -1) for each of the timeseries m = 1, …, 11 for hares and m = 1, …, 71 for voles. K is the number of estimable parameters (e.g. K = 2 for pure zero-order model) and n is the length of the time-series. This criterion measures the global performance of the given model structure for all time-series data sets. It is a common practice in analyses of time-series to consider the difference between 2 AICc values ≥ 1 as significant (e.g. Tkadlec & Stenseth 2001 ). We extended this approach when assessing the significance of differences in ΣAICc m between various model structures. We took for significant those differences in ΣAICc m values that were greater than n.
The final relationship between the realized per capita population growth rate r and external driver (NAO, crop yield indices) that follows from the best model structure was modeled by fitting generalized additive models (GAM) using 4 degrees of freedom for cubic smoothing splines as described in Hastie & Tibshirani (1990) . All statistical analyses were done using functions implemented in R software (R Development Core Team 2005).
RESULTS
Correlation analysis
Annual changes in the winter NAO index are significantly correlated with the corresponding changes in mean winter temperature throughout the Czech Republic, with correlation coefficients ranging from 0.43 to 0.61 (Table 1) . However, this is not the case with total winter precipitation, which clearly varies spatially and the association may be positive or negative. These results suggest that the positive phase of NAO is associated with warmer winters but the precipitation pattern is sitespecific, depending on local conditions. Correlation coefficients measuring the association of per capita growth rates in hares and yearly changes in the winter NAO index were all positive, 7 out of 11 (> 0.35) being significantly different from zero (Fig. 3a) . In voles, they were also mostly positive, with 29 out of 71 (> 0.38) being significantly different from 0 (Fig. 3b) . Hence, abundances of both herbivore species tend to respond positively to the increased NAO index, which corresponds to warmer winters in the Czech Republic.
There was no direct relationship (lag 0) between annual changes in the winter NAO index and corresponding changes in 7 crop-yield indices ( Table 2 ). The only pattern observed, though weak, was that found at Lag 2 where all coefficients were positive and at Lag 3 where all coefficients were negative, especially for cereals.
Annual changes in crop yield indices were weakly associated with per capita population growth rates in herbivores, especially in hares (Table 3) . However, all correlations for Lag 2 were negative in both herbivores.
Autoregressive modeling
We obtained 4 major results when modeling timeseries of hare abundances (Fig. 4a): • the best autoregressive model structure was of order 1 [ar (1)], and included the direct NAO effect (NAO t ); • the best model fit was significantly better than those of pure autoregressive models yielding the differences in ΣAICc m of 29.9 and 51.8 for ar (1) and ar (2), respectively; • the best model outperformed significantly all other models, except that at the second place that contained maize as additional predictor; • all models except 2 among the first 20 models contained the direct effects of NAO (NAO t ). The results suggest that more hares are shot after mild winters with an increased NAO index (Fig. 5a,b) and that winter climate is better than plant production indices for predicting hare abundances in autumn. Modeling vole data revealed a different pattern ( Pearson correlation coefficient • the most successful model containing NAO term did not appear earlier than at position 8 among the models of the candidate set, being clearly outperformed by models containing crop indices. These results all suggest that crop productivity indices better predict vole abundances than winter climate and vole population densities are higher in years favorable for pea and bean (Fig. 5c ).
DISCUSSION
Large-scale climate indices have turned out to be very successful in predicting ecological processes in populations of large her- bivores (Forchhammer et al. 1998 , 1999 , Hallett et al. 2004 ). Here we present additional evidence on climate influences in central European small herbivores by testing the prediction that direct physical effects of winter climate should be more pronounced in above ground/snow living herbivores than subnivean/fossorial ones. In agreement with the prediction, population growth rates in hares, representing the former class of herbivores, are more efficiently predicted by the winter NAO index than those in common voles, representing the latter class of herbivores. Moreover, we demonstrated in voles that crop yield indices, used as operational proxies to measure variability in plant productivity, were much more efficient predictors than climatic ones, whereas in hares, it was the climate models that were more predictive. These results suggest that the relative importance of direct and indirect effects of winter climate in herbivores may be related to their body size, the major determinant of above ground/ snow or subnivean/fossorial mode of life. As predicted by theoretical reasoning, models incorporating NAO terms performed well in hares but not in voles. This provides evidence that in a temperate zone, the direct physical influences of climate affect the herbivore living in subnivean space or underground less than the above ground/snow herbivore. This can be explained either by the insulating effect of ground/snow covers alone, protecting vole habitat from large changes in air temperature, or by interaction of climate effects with other processes, e.g. predation. Positive between-year changes in winter NAO index, associated with warmer and probably less snowy winters in Moravia, Czech Republic (see also Wibig 1999 , Stenseth et al. 2002b for similar conclusions), predicted an increase in hare population densities. As we are the first to report empirical evidence on the effects of large-scale climate variability in hares, no comparison with published data can be made. The responses of hares match well the expectations that warmer temperature (perhaps with less rain and snow) represents a favorable winter condition for abovesnow herbivores (but see Stenseth & Mysterud 2005 for more complex relationships). Although winter climate forcing cannot explain the overall decline in European hare populations throughout Europe over last 3 decades (see Hurrell 1995 for information on increasingly positive NAO index values in last decades), it is definitely a candidate for causing the short-term fluctuations in hare numbers around this downward trend. The overall effect of the NAO in voles was much weaker but the direction of response was the same as with hares. This may seem to be at odds with experimental evidence for northern voles, that snow in mild winters is transformed to form a layer of ice on a ground surface limiting severely the subnivean space beneath it (Aars & Ims 2002) . These diverging observations are not directly comparable. We need to see how much these special snow-melting conditions in winter are reflected in the variability of the NAO index, the common indicator of winter climate variability in timeseries analyses.
Variability in plant productivity represents another plausible mechanism by which climate may influence populations of herbivores (Langvatn et al. 1996 , Aanes et al. 2002 . At the plant level, the presence of snow cover influences physiological processes by offering protection against frost damage, dehydration and physical damage from wind and windblown particles (Walker et al. 2001) . Variation in plant productivity resulting from large fluctuations in winter climate should therefore be higher in snow-free places. In the Czech Republic, these areas are situated in lowlands and are used predominantly for farming. Typically, it is the vole populations from these areas that exhibit the largest inter-annual variation in size (Tkadlec & 105 Fig. 5 . The relationships between population growth rates (partial residuals) and the predictors as represented by the best model structure for (a, b) hares and (c) voles by fitting generalized additive model (GAM). The model for hares contains the direct density dependence (lnN t -1 ) and direct climate effect (NAO t ) whereas that for voles incorporates only the effect of crop yield (legumes t ). Some small amounts of non-linearity seem to be present in regression lines for NAO and legumes. Dotted lines: 95% confidence interval for the regression curve . However, we did not find any clear pattern for co-variation of NAO and crop yields. It is possible that the analysis of winter climate effects alone may not be sufficient to reveal such covariation, even though recent evidence regarding winter NAO effects on quality and quantity of winter wheat in the UK suggests there is a relationship (Kettlewell et al. 1999 , Atkinson et al. 2005 . Moreover, most crops are annuals sown each spring, which may interfere considerably with processes, generating delayed climatic effects (e.g. cumulative climate influences). However, by comparing the performance of climate and plant indices, our findings do suggest that the causal link between plants and herbivore may be more important to the class of small fossorial herbivores than that of large herbivores. There is ample evidence that variations in food availability are highly related to population dynamics of small temperate and arctic rodents (Laine & Henttonen 1983 , Eurola et al. 1984 , Selås 1997 , especially in seed eating forest rodents (Jensen 1982 , Pucek et al. 1993 , Crespin et al. 2002 , Stenseth et al. 2002b ). Most importantly, hornbeam and oak seed crops incorporated in autoregressive models to analyse variation in annual numbers of wood mice and bank voles in the Bialowie . za forest (Poland) clearly outperformed the NAO (Stenseth et al. 2002b) . By incorporating annual yields for 7 crops, we obtained similar results for a herbivorous vole inhabiting open habitats, such that the population was effectively decoupled from annual variation in seed production by woody plants. If higher availability of food improves survival and stimulates vole reproduction in forests, then what represents 'seeds' in grassy habitats? Although the predictive ability of crop production indices differed highly among vole populations, edible legumes (including peas and beans) predicted their growth rates better than other types of crop. We have no clear answer for why this is so. Apart from considering the possible data-dredging effect, legumes could become superior predictors because of their high protein content. This feature of legumes leads us to hypothesize that climate conditions favorable for high annual yield of legumes are likewise favorable to high production of soluble amino acids in most plants -the easiest available source of nitrogen for herbivores (White 1993) . There is evidence suggesting that besides the energetic component, proteins may be a key factor influencing diet choice in both small (Bergeron & Jodoin 1987 , Brathen et al. 2004 , Bakker et al. 2005 ) and large herbivores (Albon & Langvatn 1992 , Langvatn & Hanley 1993 , Côte & Festa-Bianchet 2001 by stimulating reproduction in adults and behaving as a limiting factor for rapid sexual and somatic growth in young animals (White 1993) . Consequently, it would be advisable in the research of herbivorous mammals to focus more on the interface between climate and plant chemistry, especially on variation in protein metabolism in response to climate variation.
There are important caveats with this study that need to be stressed when interpreting the results:
• we compared only 2 herbivore species, and so more evidence on other small and large herbivores is necessary before any firm conclusion is reached • there was a high spatial variation in the effect of NAO on vole population growth rates, with the lowland populations tending to respond more than the populations at higher altitudes (Fig. 3b) . Hence, we need to examine the geographic pattern of variation in vole responses to winters relative to the geographic pattern in winter conditions in the Czech Republic. The same holds true for responses to crop yield indices; • the studied hare populations come from a smaller area than the vole populations. Consequently, it remains unclear what the result would be if populations from the whole territory of the Czech Republic were analysed; • the common vole is more fossorial than other voles, such as the field vole Microtus agrestis or tundra vole Microtus oeconomus. Thus we do not know how representative these results are for other voles, even though bank voles in Bialowie . za seem to show the similar relative sensitivity to climate and food (Stenseth et al. 2002b );
• climatic influences depend strongly on a specific combination of the local pattern in temperature and precipitation variability, and also on other factors (e.g. predators), thereby limiting the relevance of our findings to other regions in Europe. All these points act to restrict the general applicability of the study. It is therefore important not to overstate the observed differences until we examine other data from central Europe.
Our findings suggest that the responses of herbivore population growth rates to winter climate may not be uniform even at the same location (depending on their body size). Larger herbivores, living on the ground surface or on snow cover, and exposed directly to harsh winter conditions, are more likely to be affected directly through changes in their physiology. Small herbivores, occupying the subnivean environment or living underground in snow-free places, may be less sensitive to direct physical effects of climate and be more affected indirectly by changes in physiology of plants, especially those in protein metabolism. Further investigations along these research avenues are therefore warranted.
